The electronic structure of SrZn 2 Sb 2 and YbZn 2 Sb 2 is investigated using density functional theory and high-resolution x-ray photoemission spectroscopy. Both traditional Perdew-Burke-Ernzerhof and state-of-theart hybrid Heyd-Scuseria-Ernzerhof functionals have been employed to highlight the importance of proper treatment of exchange-dependent Zn 3d states, Yb 4f states, and band gaps. The role of spin-orbit corrections in light of first-principles transport calculations are discussed and previous claims of Yb 3+ valence are investigated with the assistance of photoelectron as well as scanning and transmission electron microscopy.
I. INTRODUCTION
Thermoelectric materials allow the conversion of temperature gradients to electrical currents ͑and visa versa͒ without the need of moving parts. Thermoelectrics are appealing compared to conventional heat engines or compressionbased refrigeration due to their scalability, noise-free operation, increased robustness, and improved integration. However, thermoelectric materials have seen limited applications due to their low efficiency. The figure of merit zT = ␣ 2 T / is used to determine the efficiency of thermoelectric materials. A prerequisite for acceptable efficiency is a large Seebeck coefficient ␣, a large electrical conductivity , and at the same time, a small thermal conductivity . Based on traditional considerations, it is believed that the collection of materials that fulfill these properties is limited due to the interdependence of these three variables. 1 The Zintl class of materials have recently gained significant interest due to their high thermoelectric efficiencies, 2 and significant effort is put into the search for common underlying principles among these materials. [2] [3] [4] [5] Many of the Zintl materials contain heavy elements, which have localized d and f states, and it is thus difficult to predict properties based on first-principles calculations. In addition, the thermoelectric Zintl structures are often very complex ͑e.g., clathrates and 14-1-11 compounds͒.
One specific class of Zintl thermoelectric materials is however particularly simple, the AB 2 Sb 2 ͑P3m1, structure shown in Fig. 1͒ compounds. These compounds are thus attractive for detailed analysis. Within this material class, the thermoelectric performance has been assessed for different combinations of A = Sr, Ca, Yb, and Eu and B = Zn, Cd, and Mn. Peak values of zT have been reported between 0.4 and 1.2. 4, [6] [7] [8] The A sites are formally 2+ cations while the ͑B 2 Sb 2 ͒ 2− network is covalently bounded slabs separated by cationic layers. The B site has tetrahedral coordination. Further studies of the detailed bonding and electronic transport may provide insight into the source of the varying thermoelectric performance among the AB 2 Sb 2 compounds.
Thanks to the increased computational resources, more accurate hybrid functionals have been implemented in density functional theory ͑DFT͒ codes. These functionals partly correct the delocalization error by including a fixed portion of the Fock exchange term. Delocalization errors become particularly noticeable for d and f states, which are important for a wide range of the Zintl compounds. In particular, the f states are usually located close to the Fermi level and can be of great importance to the thermoelectric performance. One of the new hybrid functionals, the Heyd-Scuseria-Ernzerhof ͑HSE03͒ ͑Ref. 9͒ has shown excellent compromise between accuracy and speed. 10, 11 This motivates us to compare calculations based on the HSE03 functional to previous calculations of these compounds, handled by traditional functionals and semiempirical modified Hubbard U models. 4, 6 Previous x-ray photoelectron spectroscopy ͑XPS͒ work on Yb-containing Zintl compounds showed presence of Yb 3+ , which was claimed to be partly due to surface oxidation. pound did not address how the surface contamination affected the XPS spectra. Such studies are important to determine whether there is inherent Yb 3+ in the compound or if the Yb 3+ is a result of oxidation. In this paper, we discuss the valence band spectra of the Zintl compounds SrZn 2 Sb 2 and YbZn 2 Sb 2 by comparing x-ray photoemission spectra and density functional calculations based on different functionals. In doing so, this study highlights the delocalization errors and the spin-orbit corrections. We also investigate the XPS spectra at different surface conditions to shed light on the importance of surface oxidation and show density of states calculations for the Yb 3+ oxide Yb 2 O 3 . Scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒ studies were also performed to further investigate oxidation effects, specifically whether oxide is present in the bulk of the sample.
II. METHODOLOGY

A. Sample preparation
Stoichiometric amounts of high-purity Zn ͑99.99%͒, Sb ͑99.999%͒, Yb ͑99.9%͒, and Sr ͑99.9%͒ were combined in a pyrolitic BN crucible ͑within an argon dry box͒, which was sealed in a quartz tube evacuated to 1 ϫ 10 −5 torr. Note that the elemental purity implies the metal basis purity. Samples were held at 1223 K for 30 min after a slow heating process. Cooling to 825 K took place over 2.5 h, at which point a 2.5 h anneal was employed. The resulting ingot was ball milled for 15 min in the high-energy SPEX 8000 Series Mixer/Mill utilizing stainless steel vial and balls ͑all steps under argon͒. Samples were consolidated via hot pressing at 823 K for ϳ3 h. A high-density graphite die ͑POCO͒ was employed and a force of roughly 1.4 t that was placed on a 12 mm diameter. The consolidated pellets were sliced using nonaqueous lubricant and the resulting wafers were ϳ1-2 mm thick.
B. X-ray photoemission spectroscopy
XPS valence band spectra were acquired in a Kratos Axis UltraDLD spectrometer. Prior to the analysis, the samples were polished and immediately submerged in ethanol ͑99.5 vol %͒. They remained in ethanol during transfer to the spectrometer in order to avoid extensive oxidation of the surface. The samples were taken out of the solution inside a glove box attached to the spectrometer, flashed with Ar for several hours and dried in a stream of Ar gas prior to their insertion in the fast entry chamber without being in contact with air. The XPS analysis was performed in a vacuum of 2 ϫ 10 −8 torr using Al K␣ radiation ͑h = 1486.6 eV͒ at 10 mA and 15 kV after Ar + sputtering of the sample surface. The valence band spectra were acquired at a pass energy of 5 eV and a step size of 0.05 eV. Survey scans were acquired at a pass energy of 160 eV and step size of 1 eV while for the core levels, we used a pass energy and a step size of 20 eV and 0.1 eV, respectively.
C. Scanning and transmission electron microscopy
The ytterbium sample was prepared for scanning electron microscopy ͑SEM͒ by submerged polishing in dry alcohol before it was put into a FEI Quanta 200 FEG-SEM for analysis. Spot energy-dispersive spectroscopy ͑EDS͒ spectra were acquired to map the sample composition. The material was further studied in a JEOL 2010F TEM after sample preparation using standard ion milling.
D. Density functional calculations
DFT calculations were based on Perdew-Burke-Ernzerhof ͑PBE͒ ͑Ref. 15͒ in the generalized gradient approximation ͑GGA͒, HSE03, 9 and the modified Perdew-Burke-Ernzerhof ͑PBE0͒ ͑Ref. 16͒ exchange-correlation functionals. Both hybrid functionals ͑HSE03 and PBE0͒ were evaluated within GGA. The projector-augmented-wave ͑PAW͒ ͑Refs. 17 and 18͒ method was employed. All calculations were done using a version of the Vienna ab initio simulation package ͑VASP͒ ͑Refs. 18-22͒ where the hybrid functionals are implemented. An energy cutoff of 550 eV and a ⌫-centered k-point sampling of 10ϫ 10ϫ 6 were sufficient to converge all results to within 1-2 meV for both SrZn 2 Sb 2 and YbZn 2 Sb 2 . A Gaussian smearing of 0.3 eV ͑fitted to the Zn d peak width within the XPS spectra͒ was added to the calculated density of states where comparisons were done to the experimental spectra.
The electronic structure of Yb 2 O 3 was calculated on a 4 ϫ 4 ϫ 4 k-point grid using 750 eV as an energy cutoff with the PBE functional. All calculated density of states and band gaps were determined from a second run using the modified linear tetrahedron method.
The PBE0 functional is defined as 
where the subscripts ͑x͒ and ͑c͒ term the exchange and correlation parts, respectively. The quarter mixing ratio is based on work done by Ernzerhof and co-workers. [23] [24] [25] The superscript signalizes how to evaluate the given energy, where HF is the Hartree energy and the exact exchange ͑this is thus the well-known Hartree-Fock 26 contribution͒. The PBE superscript tells us that the exchange and correlation should be evaluated from the PBE functionals. Similarly one can define range-separated hybrid functionals, like the HSE0y as
where ͑sr͒ and ͑lr͒ describe the short-and long-ranged parts of the exchange energy, respectively. This range separation is defined by separating the Coulomb kernel such that
where determines the range separation. For the HSE03 ͑y =3͒ functional, = 0.3 Å −1 . Such range separation is primarily motivated by the possibility of reducing the k-point grid 27 during the evaluation of the orbitals, which decreases the computational cost. Recent reviews of the hybrid functionals reveal a very good compromise between accuracy and performance for a wide range of benchmark systems. 11, 27, 28 Although, dependent on implementation and type of system, an order of magnitude increase in computational cost has to be expected over the traditional local-density approximation and GGA functionals.
III. RESULTS AND DISCUSSION
A. SrZn 2 Sb 2
The projected density of states in the valence band is shown in Fig. 2 ͑results for HSE03, PBE is similar except for energy shifts, see later discussions͒. In the calculated upper valence band, Zn and Sb p states are predominant from 0 to −4 eV, where Zn p states fall off and an increased contribution of Zn s states is observed between −4 and −6 eV. The Zn d states are found as narrow bands around −10 eV, along with some hybridization with Sb s and p states. A similar electronic-structure results with the PBE functional. However, the common 29 underestimation of the Zn d-state binding energy occurs, leading to peak Zn d states being located at about −7.4 eV. Comparing these density of states calculations to the experimental XPS spectra in Fig. 3͑a͒ , better agreement is found with the HSE03 functional than the traditional PBE or PBE+ U ͑Ref. 4͒ approach. Due to lack of sufficient XPS resolution compared to DFT, detailed comparison of Zn p and Sb p states close to the Fermi level cannot be done. However, the main Zn d-state peak and the trailing peak can be more closely examined. smearing of 0.3 eV was applied to the calculated density of states but it is expected that the XPS s states are less resolved due to the small photoemission cross section of the s electrons. This leads to a relative difference between the experimentally observed s and d states that is not reflected in the calculations, and hence, no resolved peak is found to the left ͑higher binding energies͒ of the Zinc d peak as seen in the calculations. The incorporated long-range Fock terms in the PBE0 functional ͑not shown͒ shifts the Zn d peak to −9.7 eV, which is similar to the HSE03 result. Such small change is expected due to the semilocal sensitivity of these states.
The hybrid functionals also provide significant corrections to the band gap. In Table I , we summarize the results of the calculated band gaps for the respective functionals and compare against the thermal band gap estimated from the peak Seebeck coefficient. 4 The HSE03 functional again shows excellent corrections while PBE0 overcorrects, a result well known from pure Hartree-Fock calculations ͑for which the PBE0 functional is more similar than the HSE03 functional͒.
The features of the decomposed density of states close to the Fermi level are similar between the PBE and the HSE03 functional, except for the gap opening ͓see Fig. 4͑a͔͒ . In the p-type transport region, Sb p and Zn d states are the most important, which is in agreement with previous PBE+ U work. 4 Regardless of functional used, our calculations do not include spin-orbit coupling, which, for the free Zn atom, splits the d states into a d 3/2 and a d 5/2 peak, separated by ϳ0.1 eV. 30 In these materials, Zn is tetrahedral coordinated and should split into the well-known e g and t 2g orbitals. This split was investigated and found to be around 0.1 eV, similar to the expected spin-orbit split of the free-atom Zn d states. The Gaussian smearing of 0.3 eV needed to match the width of the Zn d XPS peak would hide these effects ͑i.e., spinorbit and crystal-field splits͒. Due to the hybridization between Zn d and Sb p states ͓see Fig. 3͑a͔͒ , spin-orbit correction of the Zn d states would lift the Sb p states by at most 0.05 eV ͑based on the expected split of the free-atom values 30 ͒. The main reason for employing a PBE+ U model in the previous study 4 was to open a small gap by shifting the Zn d states to higher binding energies. This reduced the Zn s binding energies due to increased Coulomb interaction. As a consequence, a small gap opened due to an upward shift of Zn s states in the lower conduction band. Even though a U value of 10 eV for the Zn d states only open a gap of 0.05 eV ͑see Table I͒, the Zn d peak is shifted to higher binding energies ͓see Fig. 3͑a͔͒ than what is observed in the XPS spectra. Increasing U further would worsen this disagreement. Thus, such models should be avoided unless they are used for a specific purpose in an isolated region of the energy spectrum with close consideration of XPS data.
B. YbZn 2 Sb 2
The main difference in the valence region ͑−15 to 0 eV͒ between SrZn 2 Sb 2 and YbZn 2 Sb 2 is expected to be the addition of Yb, and hence the Yb f valence states close to the Fermi level. This is observed in Fig. 3͑b͒ , where the f levels show up in both the calculated density of states and the experimental spectra. The previous discussion of the Zn states is very similar for this compound. No band gap is obtained for the PBE functional while the HSE03 functional opens a small gap ͑see Table I͒. In Fig. 4͑b͒ which is compensated ͑the total is very similar͒ by the addition of Yb f states.
From the XPS results in Fig. 3͑b͒ , the split of the Yb f states ͑ϳ1.3 eV͒ is similar to the free-atom separation of 1.2 eV. 30 Since no spin-orbit correction was included in the calculations, there is no split of the calculated Yb f states. The PBE functional is not in agreement with the XPS spectra, by placing the Yb f levels well past the Fermi level. The XPS results show that the edge onset should not extend far past the Fermi level. Similar trends between the PBE and HSE03 functionals in other Zintl compounds containing Yb ͑Refs. 6, 32, and 33͒ are expected. The HSE03-calculated Yb f peak fits well with the XPS results ͑if free-atom spin-orbit split of ϳ1.2 eV is applied to the calculated peak͒. Spin-orbitcorrected Yb f states would shift some of the f states to higher energies and thus modify the gap ͓see Fig. 4͑b͔͒ . The PBE+ U approach 4 is similar to HSE03 and XPS results for the Yb f peak, thus confirming U = 5.3 eV to be acceptable for characterizing Yb in YbZn 2 Sb 2 near the Fermi level. However, failures appear deeper in the valence band that are similar for the SrZn 2 Sb 2 compound.
Previous work 4 showed ͑also confirmed here͒ hybridization between Yb f and Sb p states. Therefore, it is likely that spin-orbit corrections would raise the energy of the Sb p states slightly ͑in addition to the Yb f states͒ close to the Fermi level and reduce the band gap. In addition, because of the flat Yb f bands, the density of states increase rapidly from the Fermi level and down into the top valence band. Due to the p-type nature of these compounds, 4 spin-orbit coupling will be important for the transport properties for the YbZn 2 Sb 2 compound but less important for the SrZn 2 Sb 2 compound.
C. Yb valence
In addition to the expected Zn d and Yb f peaks close to the Fermi level in Fig. 3͑b͒ , additional band features are present between −4 and −12 eV in the XPS spectra. They are not reproduced by the calculations ͑regardless of functional͒ or present in the Sr sample. It is thus reasonable to assume they are related to the Yb. Previous studies 12, 13 of Yb-containing Zintl materials suggest that the additional features that appear from −6 to −12 eV are due to Yb 3+ valence, contradicting the expectation that Yb valence should be purely Yb 2+ in these compounds. In Fig. 6͑a͒ , a peak fit 34 of the Yb 4d high-resolution spectrum confirms the presence of Yb 3+ . Based on the available structure data of compounds containing Yb, O, and/or Zn and Sb, oxidation of Yb would most likely form Yb 2 O 3 and thus generate Yb 3+ valence if it was not inherent in the structure. In Fig. 5͑b͒ , we show the calculated ͑PBE functional͒ valence band of Yb 2 O 3 . Even though the PBE functional is known to fail in oxides, the corrections usually give energy shifts due to delocalization and correlation corrections ͑and accordingly band-gap corrections͒. However, from Fig. 5͑b͒ , we see that even with a large energy shift, the proposed Yb 3+ features in Fig. 3͑b͒ are not reproduced. A direct comparison of calculated groundstate valence band and XPS spectra is not completely valid as the XPS spectra include additional excitations. For instance, the Yb 3+ signature of Yb 2 O 3 was suggested to be a consequence of 4d-4f resonances. 35 The Yb 3+ presence due to Yb 2 O 3 was also indicated in a previous x-ray diffraction and XPS study 13 of this compound but neither direct proof nor explicit data of the oxygen content was given.
To further investigate the surface oxidation, the XPS spectra of the Yb 4d and the top valence region of YbZn 2 Sb 2 have been acquired after three different in situ sputtering events, see in Figs. 6͑a͒ and 5͑a͒, respectively. The asreceived sample shows large Yb 3+ contributions compared to the Yb 2+ . Increasing the sputtering time clearly reduces the Yb 3+ contributions significantly in the acquired spectra. The 4d spectra were normalized by aligning the Yb 2+ component with the lowest binding energy. In the top valence band, the spectra were normalized to the Yb 2+ peaks. A clear correlation can be seen between the reduction in Yb 3+ and O 1s peaks in Fig. 6͑b͒ when the sputter time increases. The large peaks at −532 and −541 eV is most likely a form of Sb oxide on the surface. These peaks are removed during Ar + sputtering. The relatively strong XPS features from −4 to −6 eV are caused by O p states ͑downshift of these is expected in, e.g., HSE03 calculations͒ as indicated in Fig. 5͑b͒ and from the strong correlation with sputtering time ͓see Fig.  5͑a͔͒ .
However, even though the contribution of oxygen decreases as sputtering time increases, there are still Yb 3+ fea- tures in the XPS spectra. This is likely caused by either Yb 2 O 3 oxide in the grain boundaries or inherent stimulated Yb 3+ valence due to defects or superstructures. The Zn d peak also decreases but this is expected due to the overlap with the Yb 3+ signal. To shed more light on the Yb valence issues, we performed SEM and TEM. The SEM analysis revealed grains of different sizes, where a significant presence of oxygen was detected inside and along the grain boundaries. The larger grains were oxygen free within the resolution of the SEM EDS analysis. TEM studies revealed small particles, 30-60 nm in size, embedded in the bulk material matrix. EDS analysis performed on the TEM confirmed that these particles are oxygen rich compared to the matrix, see Fig. 7 .
We also investigated the possibility for a simple superstructure by relaxing ͑with no symmetry restrictions͒ a 1 ϫ 1 ϫ 3 supercell. No significant change in occupancy was found between the respective Yb layers. In addition, we performed a relaxation of the same supercell but with one Yb removed. Even though small charge variances were observed and no clear Yb 3+ formation was detected around the defect. All results thus point to formation of Yb 2 O 3 in the grain boundaries as the likely reason for the residual Yb 3+ signature.
A previous Zintl study 12 proposed inherent Yb 3+ in the Yb 14 ZnSb 11 but not in the Yb 14 MnSb 11 compound. They claimed that the Yb 3+ signal was significantly enhanced in the Zn-containing compound. However, the Zn d-state peak appears in the same region, such that the difference between the Mn and the Zn-containing structure could be related to absent Zn d states and not necessarily presence of Yb 3+ . Even though the two compounds are different, it is however likely that the detected Yb 3+ valence of these compounds could similarly stem from grain-boundary oxidation during synthesis processes.
IV. SUMMARY AND CONCLUDING REMARKS
In this work, we studied the valence band and band gaps of Zintl SrZn 2 Sb 2 and YbZn 2 Sb 2 compounds by comparing density functional calculations and XPS spectra. The hybrid HSE03 functional was shown to give significant and important corrections over the traditional PBE functional, such as size of band gap and placement of Yb f levels which will be of utmost importance when first-principles transport calculations are to be done based on the band structure. Due to the delicate balance between speed and accuracy, the HSE03 functional will most likely serve as an excellent base for transport calculations of the rare-earth-based thermoelectric materials if spin-orbit corrections are included. The semiempirical PBE+ U and its variants should be used with care and compared to experimental spectra to confirm the choice FIG. 7. Bright-field TEM micrograph of an oxygen-rich particle embedded in the matrix. The insets are EDS spectra confirming the increased amount of oxygen in the particle.
of U ͑and J for models where it applies͒. We also investigated the previously reported Yb 3+ signature. A strong correlation between sputtering time and the Yb 3+ peak intensities was found, supporting severe surface Yb 2 O 3 contamination. However, even after one hour of sputtering, the Yb 3+ peaks were still present ͑although the O 1s peak was strongly reduced͒. This implied questions regarding the structure, e.g., whether superstructures or defects could be largely present in the YbZn 2 Sb 2 samples. It could also indicate that Yb 2 O 3 oxide is inherent in the sample and not strictly a surface effect. Superstructure and defect calculations suggested Yb 2 O 3 in the grain boundaries to be the likely explanation, which was confirmed by SEM and TEM analysis.
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